INTRODUCTION
Glucocorticoids (GCs) affect almost every aspect of adipose tissue biology. They are required for the full differentiation of adipose precursors and for the maintenance of key genes in glucose and lipid metabolism in cultured adipocytes and adipose tissue. [1] [2] [3] [4] [5] As expected from their well-known anti-inflammatory actions, GCs decrease the expression of inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor alpha that are mainly expressed in non-adipocyte fraction in human adipose tissue. 6, 7 In contrast, GCs increase the expression of adipokines including leptin and adiponectin as well as acute phase reactant proteins that are mainly expressed in adipocytes. 2 Although the powerful actions of GCs on adipose tissue biology are well documented, the molecular events and mechanisms through which GCs regulate adipose tissue development and function are not fully elucidated.
The action of GCs on target cells is thought to be mediated by the type 2 glucocorticoid receptor (GR, NR3C1), a member of nuclear receptor superfamily that is expressed in almost every tissue, including adipose tissue. The type 1 GR, the mineralocorticoid receptor (MR, NR3C2), is also expressed in human adipose tissue and has been suggested to mediate GC actions. 8 MR has been shown to be expressed in 3T3-L1 preadipocytes at 30-50 times lower levels than GR and its expression levels increase with differentiation. 9 In addition, it has been shown that MR plays a more important role than GR in the regulation of adipogenesis in 3T3-L1 preadipocytes and adipogenic precursors isolated from brown adipose tissue. 9, 10 The relative expression levels of MR and GR in human preadipocytes and adipocytes, and whether the wellknown proadipogenic effects of GCs in human preadipocytes [11] [12] [13] is mediated through GR or MR, has not been addressed. In addition, although a previous study suggests that MR also mediates cortisol regulation of adipokine production in 3T3-L1 adipocytes, 8 it is not clear whether GC activation of MR pathway significantly contributes to the cortisol regulation of human adipocyte function.
In the current study, we measured the expression levels of GR and MR in primary cultures of human preadipocytes and adipocytes and then used an RNA interference-mediated knockdown approach to compare the relative contribution of GR and MR with cortisol actions on adipocyte differentiation and adipokine production. Our data demonstrate that GR rather than MR plays more important roles in GC stimulation of adipogenesis. In addition, we demonstrated that GC regulation of leptin, adiponectin and IL-6 expression in human adipocytes is also mediated through GR. Overall, our data suggest that GR plays a more important role than MR in human adipose biology.
MATERIALS AND METHODS Materials
All chemicals, dexamethasone and hydrocortisone (cortisol) were purchased from Sigma (St Louis, MO, USA), except Rosiglitazone (Enzo, Farmingdale, NY, USA) and recombinant human insulin (Lilly, Indianapolis, IN, USA). Collagenase type I was purchased from Worthington Biochemical (Lakewood, NJ, USA). Cell culture media and fetal bovine serum were obtained from Life Technologies (Carlsbard, CA, USA). GR, MR and control small interfering RNA (siRNA) were purchased from Qiagen and transfection reagents were purchased from Qiagen (HiPerFect, Germantown, MD, USA) and Life Technologies (Lipofectamine and PLUS reagents).
Isolation and culture of adipose stromal vascular cells (SVC)
Abdominal sc adipose tissues were obtained from six subjects (mean age 45.6 ± 4.1 years, current BMI 33.5 ± 3.9 kg m − 2 , 4 female, 2 male) during elective surgery. All subjects were free of diabetes, endocrine, or inflammatory diseases by medical record, and weight stable for at least 1 month prior to surgery. All subjects provided signed informed consent and the protocol was approved by Institutional Review Board of Boston University Medical Center.
Adipose stromal cells, often called preadipocytes, were obtained with collagenase digestion as previously described. 13, 14 Cells from total six individual subjects, subcultured 5-6 times, were used without pooling. Experiments were repeated at least four times using cells derived from different subjects, as indicated in figure legends.
Knockdown of GR and MR in preadipocytes and differentiation in the absence or presence of cortisol
In the morning of transfection, preadipocytes were trypsinized and replated at 15 000 cells per cm 2 . In the late afternoon, cells were transfected with control, GR or MR siRNA (10 nM) using HiPerfect (Qiagen). siRNA was diluted in serum-free α-MEM, mixed with HiPerfect reagents and incubated for 15 min at room temperature. After refeeding cells with the growth media, the siRNA-HiPefect mix was added to each well for overnight transfection. Cells were refed on the following day and allowed to grow. Four to five days after transfection, knockdown efficiency was confirmed at the messenger (mRNA) and protein levels. At the postconfluent stage, cells were induced to differentiate with or without cortisol (200 nM) for 7 days in DMEM/F12 supplemented with 500 μM IBMX, 100 nM insulin, 2 nM T 3 , 10 μg ml − 1 transferrin, 1 μM rosiglitazone, 33 μM biotin and 17 μM pantothenic acid and then maintained in a maintenance media (DMEM/F12 with 10 nM insulin) with or without cortisol (200 nM) till harvest on day 14.
Knockdown of GR and MR in differentiated human adipocytes and cortisol treatment Cells were plated and differentiated as previously described. 13 On day 9 of differentiation, adipocytes were transfected with siRNA using Lipofectamine and PLUS reagents (Life Technologies). siRNA (10 nM) was diluted in DMEM/F12, mixed with PLUS reagent and incubated at room temperature for 15 min. Lipofectamine reagents were diluted in DMEM/F12, mixed with the siRNA-PLUS mix, and incubated for additional 15 min. The siRNA-PLUS-Lipofectamine mixture was then added to cells. After overnight transfection, cells were refed with the maintenance media (DMEM/F12 with 10 nM insulin and 10 nM dexamethasone) and maintained for an additional 4-5 days with refeeding. GR-or MR-silenced adipocytes were deprived of dexamethasone overnight and then treated with cortisol (200 nM) for 24 h in the presence of 10 nM insulin. After cortisol treatment, cells were harvested for RNA and protein analysis. Culture media were collected and saved at −80°C for leptin, adiponectin and IL-6 measurement.
Oil Red O staining Cells were fixed in 4% paraformaldehyde for 15 min and stained with Oil Red O solution for 1 h at room temperature as previously described. 13 Representative images were acquired with a Nikon TE 200 microscope (Tokyo, Japan) equipped with an Olympus DP72 camera.
Measurement of leptin, adiponectin and IL-6
Concentrations of leptin, adiponectin and IL-6 in culture media were measured using commercial ELISA Kits (R & D, Minneapolis, MN, USA) following the manufacturer's protocol. Intra-assay and inter-assay coefficient of variation values were 3 ± 1.5% and 8 ± 3.9% for IL-6, 6 ± 2.3% and 8 ± 3.8% for leptin and 3 ± 0.5% and 8 ± 3.2% for adiponectin.
RNA extraction and gene expression
Total RNA was extracted using Qiazol (Qiagen) and quantity and quality were assessed spectrophotometrically. 0.5-1 μg total RNA was reverse transcribed using Transcriptor First Strand Synthesis Kits (Roche, Indianapolis, IN, USA). Quantitative PCR was performed on Light Cycler 480 II (Roche) with Taqman probes (Life Technologies). Cyclophilin A (PPIA) was used as a reference gene.
Immunoblotting
Cells were washed three times with ice-cold phosphate-buffered saline, scraped into cell lysis buffer (Cell Signaling, Beverly, MA, USA) supplemented with 5% SDS and protease inhibitors and processed as previously described. 13 5-10 μg total protein was resolved in 10% NuPAGE gels (Life Technologies), transferred to polyvinylidene fluoride membranes and probed for GR (gift from Dr Garabedian at NYU), MR (Santa Cruz Biotech, Santa Cruz, CA, USA), perilipin (gift from Dr A. Greenberg at Tufts University), ATGL (gift from Dr Gong at University of Maryland), adiponectin (BD Bioscience, San Jose, CA, USA), FABP4 (gift from Dr J. Storch at Rutgers University) and loading controls (total ERK from Cell Signaling and HSP90 from Santa Cruz Biotech). Chemiluminescence images were captured using an Imager (LAS 4000, Fuji Film, Tokyo, Japan) and band intensities were quantified using Multi Gauge software (Fuji Film).
Statistical analysis
Data are expressed as means ± s.e.m. and analyzed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). A 2-way analysis of variance was used to assess the interaction of siRNA treatment, GR or MR, and cortisol treatment. When the main effect or interaction was significant, Student's t-tests were used to test the cortisol effect within control, GR and MR siRNA conditions. Differences between means were considered statistically different when P values were less than 0.05.
RESULTS
GR and MR were expressed in human preadipocytes and adipocytes Both GR and MR were expressed in human preadipocytes and adipocytes. GR mRNA levels were~500-fold and~250-fold greater than MR in human preadipocytes and adipocytes, respectively (data not shown). MR protein levels did not change, while GR protein levels decreased during differentiation of human preadipocytes ( Figure 1a) .
Knockdown of GR, but not MR, blocked the proadipogenic actions of cortisol on human preadipocyte differentiation To test whether GR or MR mediated the GC induction of adipogenesis, GR and MR levels were reduced using RNA intereference. siRNA-mediated gene silencing decreased GR levels by~70% both at the mRNA and protein levels in primary human preadipocytes (Figures 1b and d) . Similarly, MR siRNA decreased MR expression levels by~60%. The effects of GR and MR siRNA were specific and did not affect each others expression. Knockdown of GR or MR did not significantly affect the proliferation of human preadipocytes (data not shown).
We next tested whether depletion of MR or GR affected the cortisol induction of differentiation. After confirming knockdown of GR or MR in preadipocytes, cells were differentiated in an adipogenic cocktail with or without a GC, cortisol (200 nM). Although siRNA was transfected in preadipocytes, gene silencing effects were maintained throughout differentiation process (data not shown). In the absence of cortisol, human preadipocytes did not differentiate as shown by lack of lipid droplet accumulation and the low expression of adipogenic makers (Figure 2) . Cortisol, similar to dexamethasone, 13 significantly increased the differentiation degree of human preadipocytes and overall more than 70% differentiation was observed. When GR levels were reduced by 70%, the proadipogenic actions of cortisol were completely blocked. Knockdown of MR however, did not affect differentiation. Combined, these data demonstrate that GC stimulation of adipogenesis in human preadipocytes is mediated through GR rather than MR.
Knockdown of GR and MR in newly-differentiated human adipocytes To test whether GC regulation of adipokine expression is mediated through GR or MR, we silenced GR and MR in adipocytes. Differentiated adipocytes were transfected with MR or GR siRNA on day 9 and cultured in the maintenance media. Gene silencing effects were effective after 4 days of transfection and maintained for at least additional 5 days (data not shown). GR or MR-silenced adipocytes were deprived of dexamethasone overnight (the maintenance media contains 10 nM dexamethasone and 10 nM insulin), and then treated with cortisol (200 nM) for 24 h in the presence of 10 nM insulin. siRNA-mediated knockdown in primary human adipocytes was effective, reducing GR mRNA expression by 65 ± 7% and MR mRNA expression by 60 ± 9% (n = 5, Po 0.01, Figures 3a and b) . Similar levels of knockdown were achieved at the protein expression (Figure 3c ).
Cortisol significantly decreased GR expression, both at the mRNA (40 ± 9%, P o0.05, n = 4) and protein levels (50 ± 10%, Po 0.05, n = 4), in human adipocytes (Figures 3a-c) . MR expression levels, however, were not affected by cortisol. As expected, cortisol significantly induced GILZ mRNA expression, a known primary target of GR, 15 by 5.7 ± 0.3 fold in the control group (Figure 3d) . Knockdown of GR decreased the basal mRNA expression levels of GILZ by 45 ± 9%. In addition, GR silencing reduced the cortisol induction of GILZ mRNA (5.7 ± 0.3 fold in control vs 1.6 ± 0.4-fold in GR siRNA, P = 0.01, n = 4). MR knockdown did not affect basal or the cortisol stimulation of GILZ expression.
GR knockdown suppressed while MR knockdown increased leptin expression in human adipocytes
We next tested if the effects of cortisol on two major adipokines, leptin and adiponectin, as well as a proinflammatory cytokine, IL-6, were mediated through GR or MR. Cortisol (200 nM, 24 h) increased leptin mRNA by 10 ± 2.4-fold (P o 0.01) and secretion by 2.2-fold (P o 0.05) in human adipocytes (Figures 4a and b) . Although GR knockdown tended to suppress basal leptin mRNA levels by 39 ± 11% (P = 0.08), it did not affect basal leptin secretion into the culture media. GR knockdown, however, blocked the cortisol induction of leptin mRNA expression and secretion (P o 0.05). In contrast, MR knockdown increased leptin mRNA levels in both basal (by 42 ± 12.8%, P = 0.04) and cortisol-induced (43 ± 6.7%, P = 0.01) conditions. GR knockdown decreased adiponectin expression levels, no effects of MR silencing Cortisol, added in the presence of insulin, increased adiponectin mRNA levels by 2.1 ± 0.4-fold (P o 0.05) and secretion by 1.7 ± 0.1-fold (P o0.01) in cultured human adipocytes (Figures 4c and d) . GR knockdown decreased adiponectin mRNA levels and protein secretion in both basal (by 34 ± 9.4% at the mRNA levels and by 43 ± 5% in secretion) and cortisol-stimulated (by 48 ± 6.0% at the mRNA levels and by 47 ± 6% in protein secretion) conditions. GR silencing also blocked the stimulatory effects of cortisol on adiponectin expression (P o 0.01). MR knockdown did not have any significant effects on the adiponectin mRNA levels or secretion. Cortisol suppression of IL-6 was mediated through GR rather then MR Cortisol significantly decreased IL-6 mRNA expression by 82 ± 18% (P o 0.001) and secretion by 84 ± 37% (P o 0.01) in cultured human adipocytes, as expected from its well-known antiinflammatory actions (Figures 4e and f) . Knockdown of GR significantly increased IL-6 mRNA expression levels (basal; 73 ± 12.9% and cortisol-repressed condition; 410 ± 41.5%) and IL-6 secretion (basal; 40 ± 7% and cortisol-suppressed condition; 680 ± 202%). Although cortisol suppressed IL-6 expression in both control and GR-silenced cells, the magnitude of the effects was much lower when GR was reduced (mRNA levels: 84 ± 3% in the control vs 26 ± 6% in GR knockdown, Po 0.01; IL-6 secretion; 85 ± 3.5% in the control vs 26 ± 6.3% in GR knockdown, Po 0.01). Knockdown of MR did not significantly affect IL-6 expression levels.
DISCUSSION
The type 2 GR has been assumed to mediate the pleiotropic effects of GCs on adipogenesis as well as adipose tissue metabolic and endocrine functions. However, several studies demonstrated that the MR is expressed in human adipose tissue and plays important roles in adipogenesis and adipokine production. [8] [9] [10] 16 When selective agonists for GR (dexamethasone) or MR (aldosterone) were used to test the roles of each receptor in the regulation of adipogenesis and adipokine expression, discrepant results were obtained. Using RNA interference-mediated knockdown of GR and MR in primary cultures of human preadipocytes and adipocytes, we show that GR plays a more important role than MR in the cortisol regulation of adipogenesis and adipokine production in human adipocytes.
In contrast to our results in human adipocytes, other studies suggest that MR rather than GR plays more important roles in adipogenesis in mouse adipocytes. 9, 10, 16 Differences in experimental design and cell culture model systems, 3T3-L1 9,16 and brown adipose tissue stromal cells, 10 may have contributed to the contradictory results. For example, Caprio et al. reported that aldosterone increased, while dexamethasone decreased, adipocyte maturation when added during a late stage of differentiation in 3T3-L1 cells. 9 However, this experimental design did not test the requirement of GC for priming 3T3-L1 preadipocytes for adipogenic programming during the initial 2d of differentiation, 17 a time when a transient enrichment of the GR near genes involved in cell proliferation, development and differentiation, including the master regulator of adipogenesis, PPARgamma2 gene, is known to occur. 18 In human preadipocytes, we and others find that when GCs, either cortisol or dexamethasone, are present throughout differentiation continuously, they promote differentiation 13, 14, 19 and are required for maintaining the expression of mature adipocyte genes. 3 The fact that the siRNA knockdown by Caprio et al. in 3T3-L1 cells was transient, 9 while in human adipocytes we obtained a sustained knockdown during differentiation, may also have contributed to the apparent discrepancies. In fact, we found that when GR expression was continuously reduced with lentiviral delivery of GR-shRNA in 3T3-L1 preadipocytes, the dexamethasone induction of adipogenesis was completely blocked (unpublished observation, Lee M-J and Fried SK).
Another factor that may contribute to the reported differences in the requirement for GR in adipogenesis is that GCs are required for cell survival during the clonal expansion that precedes terminal differentiation in 3T3-L1 but not in human preadipocytes. 20 While the post-confluent mitosis is closely linked to, and may be required for, adipogenesis in 3T3-L1, [21] [22] [23] human primary preadipocytes do not require cell division to enter differentiation. 24 Thus, the previously demonstrated anti-adipogenic effects of drospirenone, a potent synthetic anti-mineralocorticoid, in 3T3-L1 preadipocytes might have been due to its effects on cell proliferation. 16 In human preadipocytes, knockdown of GR or MR did not significantly affect proliferation.
In vivo, the relative abundance and physiologic importance of MR and GR are far from clear. Circulating levels of cortisone are 100-1000 times higher than aldosterone and 11 betahydroxysteroid dehydrogenase (HSD) 2 is expressed at much lower levels than HSD1 in human adipose tissue. [25] [26] [27] It is therefore conceivable that locally activated cortisol within human adipose tissue may activate both GR and MR. Interestingly, we previously found that HSD2 expression was higher in omental than abdominal subcutaneous adipose tissue, 27 so depot differences in the fine-tuning of cortisol actions are likely. Although MR is expressed at lower levels than GR, both HSD1 and MR expression levels are increased in adipose tissue of obesity, while the expression of HSD2 and GR are not. 8, 26, 27 Thus, the relative contribution of the MR pathway may be increased in adipose tissue of obesity, resulting in adipokine dysregulation, increased adipose inflammation and reactive oxygen species. Accordingly, the blockade of MR with selective agonists has been shown to improve adipokine expression and insulin resistant in obesity rodent models. 28, 29 It is important to note that the activation of GR or MR often have opposite effects in the regulation of adipogenesis and adipokine production. Dexamethasone increases adipokine expression (leptin, adiponectin) while decreasing proinflammatory cytokine (IL-6, tumor necrosis factor alpha, MCP1). 2, 6, 7, 10, 30 In contrast, aldosterone increases the expression of proinflammatory cytokines (PAI-1, MCP1) and inhibits adiponectin expression. 10, 31, 32 Herein, we show that in cultured human adipocytes, cortisol, which assumed to bind to both GR and MR, improves adipokine profile in human adipocytes, similar to dexamethasone. Although reducing MR expression in human adipocytes by~60% increased leptin expression, it did not affect the cortisol regulation of adipokine expression, whereas GR knockdown blocked the cortisol effects. Our data cast doubt on the importance of MR in mediating cortisol effects on human adipocyte biology.
In summary, our findings suggest that in cultured abdominal subcutaneous human adipocytes, cortisol effects on adipogenesis and adipokine production are mediated through GR. Furthermore, MR activation by aldosterone may play independent roles, for example, in the suppression of leptin expression. Future studies are needed to explore potential depot differences in the prereceptor metabolism of cortisol and the relative abundance of GR and MR in preadipocytes and adipocytes and whether these are altered in obesity and females compared with males. A deepened understanding of relative contribution of GR vs MR in adipose biology is important for developing treatments for obesity and its related diseases.
